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Abstract

Since 1990 the Intergovernmental Panel on Climate Change (IPCC) has pribekiced
Assessment ReportdRs), in which agriculture as the production of food for humans via crops
and livestock have featured in one foomanotherA constructed data base of e 2,100

cited experiments and simulations in the iM@s were analysewith respect to impacts on

yields via crop type, region and whether or not adaptation was included. Quantitative data on
impactsand adaptation in livestoderminghave been extremely scarce in &RRs. The main
conclusions frommpact and adaptation are that crop yields deklinebut that responses have
largestatistical variation.Mitigation assessmenta the ARs have used both bottom-up and top-
down methods but need better to link emissions and their mitigation with food production and
security Relevant plicy options havdecomebroade in later ARsand included more of the
social and non-production aspects of food secuf@iyr overall conclusion is thaagriculture

and food security, whichre two & the most centrakriticalandimminent issues in climate
change have been dealt with in an unfocussed and inconsisi@mietbetween théPCCfive

ARs. This ispartly a result o&griculture spanningvo IPCC working groups but aldbevery
strong focus on projections from computer csopulation modellingFor the future, w

suggest need to examine interactions between thesuels as cropesource use efficiencies

and to ncludeall production and non-production aspects of food securityture roles for

integrated assessment mod¢k63 words).

1 |Introduction

Agriculture and the local, regional and global food system encompass whaigopkt on

Earth do for a livinglf one includes the downstream food system from the production to the

consumption of food by humans and other animals — the engagement of humans in food security

and food production systems dwarfs any other human actindlydingcomputing,
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pharmaceutida, the mediagnergy industry, banking arrtademia combinedAgriculture and
food production, distribution, marketing and consumption contribute aboutB8@bdbalgross
domestic product (Brauet al 2017), andhave easily highrareturns on investméthanany

economiccorporationsector or activity but receive only about 5% of global research

investmen{Pardeyet al, 2016). Agriculture and food systems however, are highly affected by

climate changes and also drive climate change through gresnpas emissions and lamsk

change.

The scientific bedrock of the agreement at2i® ConferenceOf the PartieCOP2) of the
United Nations Framework Convention on Climate Chand#aris inDecembeR015 were the
5th Assessment RepofBR5) of thelntergovernmental Panel on Climate Cha(i§&C)from

2013 and 2014IRCC Assessment Repodre available dtttps://www.ipcc.ch/reports/The

statemenfrom COP21 reasl‘Recognizing the fundamental priority of safeguarding food
security ...... and the vulnerabilities of food production systems to the adverse impacts of
climate changeacknowledging the central role of food security regionally and globally.
Important inter-disciplinary departures in the food ségwhapterf the IPCC(Porteret al.,
2014) were recognition of factors other than food production in food security: such factors
include food distribution and social and economic access tododnh all stand to be affected

by climate change and whittave possibilities for adaptationo®d security and agriculture

have not always had such a clear or prominent position in IPCC ARs - with food secuyrity onl

specified in AR5 and with agriculture often rolled in with forestry and forest prodA&1 and
ARA4) or general ecosystem services (ARER2 did examine impacts and adaptation of
agriculture. We regard the evolution of a food system perspective in IPCQaARTery

positive developmerthat wehope will beamplifiedin AR6 andfuture IPCCSpecial Rports.

This review aims to develop further, and in more detailrebent papeby Porteret al (2017)
on the link between the five IPCC Assessment Reports (AR1 to AR5) and agricybace. S

3


https://www.ipcc.ch/reports/

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

constraints in that articlerevented presentation of topics sastregional differences in
assessments of impacts, adaptation and mitigation linked to agriculture; thesdaddwveen
assessment of climate change and crops versus livestock; the methods used and hgw and wh
assessments migtevelop in the future. Post ARBorteret al, 2014), he Royal Society of

London (Royal Society, 2017) published an update on climate change effects on food
production. Their conclusion was that post-AR5 studies have confirmed conclusions in AR5, but
new studies ‘point strongly to the importance of accounting for how land use and cropping
intensity might changeOur review addresses the above gaps and addresses potentially policy-

relevant information that has become available since the AR5

In addition, as this is an invited review, we have allowed ourselves the licencaitteibeb
issues which we think are of importance for future assessment reports detlifopad)
agriculture and climate change. Section 6.1 presents ideas to improve the robustigss of cr
models that hae been the ‘work horses’ of many, perhaps too many, climate change
assessments. Models should check that they simulate accurately all crod eegpeoses
underlying responses to climate and we suggest a way for doing this. Secard#is should

be able to simulate accurately the interactions between resources such as yadstioand
nutrients with and without changes in £ével, an issue that rarely has been investigated (
Teixeraet al, 2014. Simulating such interactions correctly is particularly important when it
comes to examining adaptation options for crops. We show an example where this texamina
has been done for a well-known and wedked data set. The second issue we raise is the
integrated assessment of adaptation and mitigaihilst crop models are generally responsive
to climate, the range of crops that can be simulated is not sufficiently broadufbassessment
of food security — this is clear from the data presented in this paper. Furtparitiis between
IAMs and crop models in spatial scale, treatment of uncertainty, data demand and rapoesent

of agricultural management all limit the extent of crop model integration into IAMs that is
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currently possible. We think that more than one approach is needed i teecaipture the
range of trad@ffs and synergies that are important to food systems and relevant to policy
design and development. We need to recognise that emissions occur across tigefoll ra
activities that deliver food security, not only agricultural production but withwsfon climate-

smart food systems.

2 | Projected impacts

To get an overview of the assessment of the projactedctsof climate changen crop yield
across the five IPCC Assessment Reports, across the different globaseeyl for the major
global crops, we complied all data (2116 entries) on projected crop yield with and without
adaptation from AR1-AR5. We constructed a database with information about the AR yvolume
crop type, global region and projected mean change and variation in yields withttzoa w
adaptationlIn this context adaptation refers to all adaptation measures investigated in the
scenarios throughout AR1 to AR5, including but not limitedltering sowing times;rop
cultivars and species, adjusting iatgpn and fertilizeapplication reducing tillage and
implementing technical measures to meffectively capture rainwater and reduce soil erasion
Subsequently, the average mean change in yield with and without adaptation wasechfor
each IPCC Asessment Report, each global region and each major global crop (T&8bl&y1-
reviewing the constructed dataset it quickly becomes evident that the nunchsesfincreases
almost exponentially (except from AR2 to AR®&)ereby increasing the confideriegel of the
results of eacBubsequemnteport A striking omission across the five ARs is the almost
complete lack of quantitative data of the effects of climate change on livestogiantitative
data were presented from AR1 to AR3 and only 18 cases were reported in AR4 and AR5

combined (Riverderreet al. 2016).
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Table 1. Mean percent change @averageyield of all crops reported in ARARS with
and without adaptation.

With adaptation Without adaptation

Mean Standard Mean Standard
IPCC  Publication Number of change deviation Number change deviation
AR Year case (%) (%) of cases (%) (%)
AR1 1990 6 9.0 11.5 28 34 33.0
AR2 1995 46 -0.2 231 53 -13.8 25.8
AR3 2001 57 -8.2 17.4 36 -5.2 23.4
AR4 2007 239 3.6 19.0 320 -4.0 17.7
AR5 2015 519 -3.9 17.2 812 9.9 194

All IPCC Asessment Reports, except AR1 hpx@ected aropyield reductionwithout
adaptatior{Table 1) The largest projectegleld reduction was in AR2 with -13.8% followed by
-9.9% in ARS5. When climate adaptations were included in the analysist assessment reports
also projecte@ yield reduction except for AR1 with a096 yield increase and AR4 with &30
yield increase. However, the standard deviationhe projections are largeanging from

11.5% to 33.0%.



Table 2.Mean percenthange iraverageyield for different global regions summarized 1
AR1-ARS5 with and without adaptation. When constructing the database, the results from
AR1-AR5 were allocated tthe IPCC AR5 fpbal regions by following the following

rules data from Russia and former Soviet Union were allocated to the global remittn N
Asia; data from Middle East and North Africa were allocated to the globahr¥gest

Asia; data from Latin Ararica and th€aribbearwere allocated to Central and South
America; data from soutbast Mediterranean (Jordan, Egypt and Libya) were allocated to
the global region Africa; data from Pacific Asia and Pacific OECD were allocatbd t
global region Austrasia.

With adaptation Without adaptation
Mean  Standard Mean  Standard
Number change deviation Number change deviation
Region of cases (%) (%) of cases (%) (%)
Africa 153 -4.2 19.8 274 -9.5 17.7
Australasia 38 6.9 17.7 38 -7.1 21.7
North America 109 1.2 17.3 167 -7.8 25.8

Central and Soutl

America 74 -12.6 17.7 91 -12.1 15.8
Europe 68 3.3 22.0 164 -4.3 21.3
North Asia 10 8.9 11.3 6 -14.0 17.7
East Asia 126 -1.5 14.6 175 -4.9 16.3
Central Asia 11 -3.9 18.4 9 -19.2 18.3
West Asia 8 -8.4 6.9 18 -5.0 11.7
South Asia 138 0.1 16.2 199 -11.7 18.9
Southeast Asia 31 10.4 20.7 41 -0.6 14.0
Asia (unspecified 18 -14.0 17.8 6 -2.3 11.2
Global 74 -6.4 17.5 37 -17.9 20.1
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The standard deviation is also large for the mean change in yield for diffexeat gggions
(Table 2). Without adaptation Central Atiad yield change 6f19.2%, followed by North Asia
with -14.0%, Central and South America with -12.1% and South Asia witfi%ldre the
regions withthe largest projected yield decresas@/ith adaptation, Soutast Asia, North Asia

and Australasia have the largest yield increase with4#40+8.9% and +6.9%, respectively.



Table 3.Mean change in yield for different crops summarized for AR1-AR5 1gith
without adaptation.

128
With adaptation Without adaptation 129
Mean Standard Mean Standard
Number change deviation Number change deviatior30
Crop of cases (%)? (%) 2 of cases (%) (%) 131
Barley 1 -35.0 n/a 7 0.7 14.4
Beans 1 45.0 n/a 12 -38.7 37.1 132
Cassava 0 n/a n/a 21 -2.2 3.9
133
Grass 4 11.8 24. 6 -8.5 45.7
Groundnut 3 34.0 17. 11 -6.6 125 134
Maize 303 -5.6 16. 281 -10.8 18.2
_ 135
Millet 2 -27.0 13. 111 -9.3 20.4
Potato 0 n/a n/a 19 -2.0 17.4 136
Rice 140 3.4 15. 231 -5.3 14.7
Sorghum 2 235 37. 21 9.1 78 17
Soybean 73 -12.8 17. 83 -16.9 27.0 138
Sugarcane O n/a n/a 18 -2.5 9.8
Sunflower 0 n/a n/a 10 -3.1 6.1 139
Sweet potato 0 n/a n/a 5 -2.2 7.2
140
Wheat 225 1.9 21. 343 -7.0 20.6
141

142 Formajor global crops (Table 3), it is evident that the crops most severetyeaffoy climag
143  change without adaptation are soybean and maize with yield reductions of -hél.7%0.8%,
144  respectivelyThe yield reduction fobeands even larger but only based on a single observation.

145  For protein crops, this yield reductianparticularly alarming given their potential to replace



146  meatbased protein with both health and greenhousegéssions benefits (Tilman and Clark

147  2014). Also, besides maize, some of the other major staple crops for the Southern Hemisphe
148  are projected to have significaneld reductions without adaptationge-10.8% for maize, -

149  9.3% for millet, -9.1% for sorghum and -16.9% for soybean. Even with adaptation, lddye yie
150 reductions are projected for maize (-5.6%)llet (-27.0%), sorghum (-23.5%) and soybean

151  (12.8%). Conglering that these three crops cover 60% of the area cultivated with cepsaircro
152  Africa and provide 67% of the cereal yield on the continent (Macauley, 2015)d aedection

153  of this magnitude would have severe consequences. Overall, adaptation is notdotojeate

154  avery large effect on reducing or even reversing yield reductions for tbe ghapal crops.

155  Large yield increases can be seen for beans, groundnut and grass, but theseeesully

156  based on few observations. Based on this arsalgise and wheat, with yield increases of +3.4%
157 and +1.9%, seems to be the only major global crops to benefit from adaptation lefforts.

158  worth noting that only 15 crops are included in the IPCC Assessment Reports.deist ¢éhvata

159  more accurate asssment of food security would require that a much larger number of crops are

160 investigated.

161 3 |Adaptation

162  From the first IPCC Assessment onwards, a systems approach has beehtapipienalysis
163  of climate impacts and adaptation relating to agriceltiood production and, more recently,
164 food systems. However, both the supporting literature and the emphasis and frathingpa¥e
165 changed significantly over the five IPGRs, with a relative increase in the number of studies
166  including adaptations tonpacts. INnAR1, there was relatively little quantitative literature on
167  climate change impacts and soanceptual systems approach was used to identify the likely
168  impacts and their interlinkagefhese included suggestiathait changing crop yields coulelad
169  to potential changes in geographical distribution of cropping.cbherage was adverage

170  agricultural productionpalecanalogues and basic physiological resposseh as laboratory
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responses of plants to G@ support scenarios of future impadtke main focus was on cereal
crops rather than livestock or other food-producing systems such as horticulidres\B¢re
almost exclusively drawn from the temperate zones and from developed nations. Sitbseque
IPCC assessments of climate impacts omnlpeton of the major crops (wheat, rice, maize and
soybean) have significantly increased in complexasawing from the expanding literature
base. Théncrease in the number and coverage of studies has successively allowetbrablilat
crop responses (AR3), and then matalyses initially developing simple relationships (AR4)
and subsequently statistical relationships between variables (AR5; Chetlao2014). In
particular the crop modelling studies have evolved from simple, oftebastsd scenmms

driven by fixed temperature and rainfall changes (e.8C-&®d -20% rainfall) towards
integration of downscaled GCM data in grid-based or nsitki- regional assessments.
Nevertheless, the focus of the IPCC remained on mean yield change and itywasA&8 was
thereinclusion of a focus onhanges in yield variability anth AR5, the nutritional quality of
crops.Whilst there are regional and global crop production studies thereaaecbeen few

impact studies which haweseda value chain or Bood systems perspective. Developing country
studies remaimelativelyunderrepresentech terms of population (Table 2), even though
developing countriewere identified as early as AR2 that they were likely to be the most
negatively affected. Similarlygven though AR2 concluded that elevated atmospheric CO
concentrations would have beneficial impacts on crop production, there remained elusitee d

in AR5 about the degree to which this may affect crop yields and quality.

As noted above, there has beelatively ittle quantitative treatment of livestock (Rivefarre

et al 2016), other field-crops, horticulture and viticulture across IPCC reports withagever
being largely restricted to eithgeneri¢ systerdlevel responses or sispecific casedargely
because athe relative lack of studies using somewhat-comparable modelling or other sinalysi

methods in contrast to the mechanistic and other crop medetd) have enabled meta
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analysis, crossnodel comparison andsessment of uncertaintieRqenzweiget al. 2014). The
treatment of weeds, pests and disease impacts are also inconsistentlytdeealtoss the

reportsfor the same reasons

The aggregation of climate change impacts on food production systems tsbatadconomic
and food pricempact was also initiated in the AR2 with results reported fn@aneconomic
models (Rosenzweig and Parry 1994, Raitlgl., 1994Successive IPCC Assessment Reports
have synthesised the rapidly developing literature to not only address globajiand re
impacts of climate trade on prices, production and trade but also the uncertaintcel

results and the reasons behind thesg.Nelsonet al 2014).

Adaptation to the sorts of climate change impacts noted above is a fundamerahtiplart
mana@ment. Agriculture and food producers as well as value chamagersconsumers and
policy makers have shown considerable ability to adapt to climate changesitvettilg and
going back into history; for instance, the establishment of grapevines in England am Rom
times or the settlement of Greenland in medieval times.eKpectation that adaptation of food
systems is likely to be both feasible and attractive has resulted in cofrerageR1 onwards.
However, the framing, scope, likely effectiveness and analytical methadisnu§sCC reports
has changed significantly since then (Tat)leThere remain many gaps in terms of adaptation
of food systems includindput not limited to the need to include assessment of more
transformative adaptations, adaptation of value chains and of regional foodssy3thar
important issues for the future include how to address the multitudinous barrierptetiada
developing the pathways to not only build adaptive capacity but to also move this into
adaptation aadns, developing policies and programs to establish effective monitoring,
evaluation and attribution of adaptation and assessments amatdeffectivey addresset

greenhouse gas emission reduction within adaptation strategies. This lattes ptarting to be

12



220

221

222

223

addressed in the IPCC ARG cycle, being covered by two Special Répeortsipcc.ch/reporis

as well as within the main Assessment Reports.

Table 4. The framing, scope and analysis methods used tesgldlimate adaptation in
agricultural and food systems in successive IAG§essment ReportaRs).

IPCC Framing, scope and analysis methods used

Assessment

AR1 Framing Three adaptation domainphysiological adaptation, farm level

1990 management ‘gdstment’ and responses arising from policy at regional,
national and international levels. These were expressed in terms of enabling
farming systems to reach a new equilibrium in response to altered climates.
Scope Farmlevel, production focus not foaystems.
Analysis Generally, adaptations were described qualitatively using historical
analogues or first principles approaches rather than quantified responses.

AR2 Framing Spontaneous or planned adaptation, in response to or anticipatic

1995 climate change.

Scoping Farmlevel productiorsystemfocus not food systems with brief

reference to global economic analyses of producer surplus, which included

with and without adaptation.

Analysis Few quantitative adaptation studies although most atitaptaptions

were raised based on a systems view. However, these were mostly incremental
such as agronomic adjustments although there were some systemic adaptations

(sensuwRickards and Howden, 2012) such as the introduction of new species.

13
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AR3

2001

There was a regmition that successful adaptation depends upon technoloy
advances, institutional arrangements, availability of financing and infamma
exchange as well as adaptive capacity and alignment of the options with farmer
needs so as to enhance adoption paths. Additionally, there was recognition of

the possibility of policy maladaptation.

Framing No specific framing, focused on farevel, agronomic changes.

Scope Farmlevel production focus not food systems, with examples of
integrated regionaconomic analyses of impacts and adaptation.

Analysis As well as qualitative discussion of options such as crop breeding to
adjust to elevated G&nd temperatures, there were more quantitative analyses
of cropping system adaptations allowing both tabular and figure summaries of
the modelled effectiveness of adaptation. However, there was a critique that
methodologically, there had been little progress since the previous IPCC
Assessment whtthe adaptation strategies being moddiladed to a small

subset of the possible options and unrealistic assumptions regarding the degree
and effectiveness of farmer adoption. There was recognition of adaptation costs
including transition costs, dislocation costs and capital and operational costs.
There was howevelimited coverage of livestock adaptation with discussion of

a range of management adaptations to reduce the effects of heat waves but few

quantified or modelled analyses to draw from.

14



AR4

2007

AR5

2014

Framing Autonomous and planned adaptation modes.

Scope Recognition of the importance of a food systems approach but the focus
remained on agricultural production.

Analysis Discussion of a broader range of possible adaptation options for both
cropping and livestock using a more structured approach particularly drawing
off the burgeoning literature on cropping system impacts and adaptations. This
allowed more geographically explicit analyssswell as anetaanalysis of

impacts and adaptation as a function of temperature increase. However, most
adaptation optiohaddressed were still incremental in nature, reflecting in part
limitations of the modelling approaches being used. There was a critique of the
failure to provide generalised knowledge of adaptive capacity, of adoption
pathways and barriers to these ahd snore comprehensive range of

adaptation strategies especially beyond simple, single agronomiceshang

There wastil limited evaluation of the costs of adaptation or of consequences

of adaptation in relation to the environment and the natural resoasee

Framing incremental to transformational adaptation.

Scope Food systems approach although much of the literature able to be
synthesised was on food production only.

Analysis Discussion of a broad range of possible adaptation optionheind
adoption paths for both cropping and livestock using a consistent framing. The
further increase in the literature on cropping system impacts and adaptations
allowed 1) anmproved metanalyses of impacts and adaptation as a function
of temperatur@roviding finer-grained information across the major crops, by
broad region and disaggregating results to allow assessment of the

effectiveness of different agronomic adaptation optians; 2) a metanalysis

15



of the possible increase in crop yield varigpiover time. Livestock

adaptations were not able to be dealt with as comprehensively as cropping
systems due to limitations in the literature. There was increased recognition of
the importance of institutional limits and adoption barriers but some other
issues identified as shortcomings in prior IPCC Assessments remain largely
unaddressed (e.g. adaptation costs, lack of methodological innovation and

diversity in adaptation analysis).

224

225 4 Mitigation

226  For mitigation potential in the agriculture sector, Inoets have changed markedly over the

227  course of the IPCC Assessm&wdports. Bottom-up methods, assessniiggation potential

228  practiceby-practice using data on land areas and livestock numbers available, wereAR&d in
229 andAR2. AR3 largely replacd this approach with a top-down assessment from integrated
230 assessment models (IAMs). For both AR4 and AR5, both bottom-up akdwopestimates

231  were included in conjunction. IAMs have the advantage that they can consideriomtigat

232 options across sectors andestlleastcost options and pathways for mitigation, which bottom-
233  up approaches cannot. Their disadvantage, however, is the limited number of agricultural
234  options that they include, which are mostly confined to @G@a-greenhouse gaseBottomup

235 methods, on the other hand, capture the rich detail of the agricultural practicablavail

236  (Bennetzeret al, 2016) but are unable to consider mitigation across sectors, so estimates of
237 economic potential are more uncertain. The combination of top-down and bgitapptwaches

238  will likely prove useful again in ARG.

239  Chapters dealing with climate change mitigation in the IPCC Asses&apaotts have been

240 weak in linking emissions with the primary purpose of agriculture, i.e. produclg for

16



241  example, demandide neasures to limigjreemouse gas emissions through changes in human
242  diet or through waste reduction were not considered in detail until AR5 followingAgTD

243 report (Mclintyreet al 2009) and other publicationSystematic changes in the food system
244  have been under-represented compared to technical interventions, such as changes in

245  fertilisation, livestock feed@dditives and changes in tillage practice, on farm. This is perhaps
246  driven by the sectoral approach taken in nassessment$-or example, greeohse gas

247  emission reductions through fossil fuel offsets by production of bioenergy arecoansed for
248 in the agriculture sector, so are not reported in the agriculture or land chaptiersedRenergy
249  consumption in agriculture is not reported in the agricultural and land sector, remasjon

250 reductions associated with improved packaging, transport, distribution and storagg.arakin
251  approach based on the sectors from which emissions are reported is logical, Imatt does

252  encourage food systems approaches to addressing emission reduction goals. lessnmeats
253  will need to take a more holistic view of the food system, and go beyond the accounting /

254  reporting sectors considered to date.

255  Another persistent issue acrdBEC AssessmerfReportsarisesfrom the structure in which

256  assessments are conducted, with Working Group 1 focussing on the physical s@enok ba

257 climate changéNorking Group 2 focussing on impacts of climate change and adaptation, and

258  Working Group 3 focussing on mitigation. The chapters dealing with agriculture and land in

259 each Assessment Repart written by different authors and appear in different volumes,

260 corresponding to each Working GroWghile efforts are made to encourage cnassking

261  group / cross-volume collaboration and consistency, results have been uneven, with a number of

262  disconnects in emphasis across the volumes.

263 The IPCC Special Report on Climate Change and Land, under production as part®6éthe A
264 cycleand due in 2019, offers an opportunity to address some of the issues raised above. Firstly,
265 itis a joint action across the thrééorking Groups, thereby including experts from more

17



266  disciplines than usually found within Working Grou@&condly, it considers a wide range of
267 land and climate change related issuresluding mitigation, adaptation, desertification, land

268 degradation, sustainable land management and food security. With an emphasis oadntegrat
269  response options to address all of these challenges, considering synergiadeantfs, it

270 necessarilyakes a broader view of land, agriculture, food systems and the interventions

271 available to address the considerable challenges facing humanity now and inréh&\faile

272 examining all of these factors together is extremely challenging, due tortiexty of the

273 sectors involved, the importance of food and agriculture and climate change foutheofut

274  humanity means it is a challenge that must be met. Future A3€€3sment Reportsuld learn
275  from the experience of producing this Special Reporttakke a broader view of the issues

276  facing land and agriculture, and to facilitate crdgsrking Group integration.

277 5| Policy

278  The policy elements of climate adaptation and mitigation in relation to agriew@nd food
279  systems have been addressed unevenly and incompletely over the various Assesgorent
280 AR1 acknowledged the importance of a range of polidissng food price, landise, forest
281  resources, extension and water transfers) but required more informationiamrggtotential
282  responses. AR2 expanded the list to include researchutngdlanning, water pricing and
283  allocation, disaster vulnerability assessment, transport and trade policy eespmuntries
284  use to encourage or control production, limit food praoes$ manage resourcepurs to

285  agriculture. There waa briefcritical analysis of how policies may discourage adaptation
286  strategies and acknowledgement of the political, economic and cultural faicpbay but

287  overall very little concrete guidance in relation to policy desiga developmenin contrast,
288 theAR3 and AR4 provided few linkages to policy and it was not #Rib thatmore policy-
289 relevant suggestions were developed. These inclmtedalia capacity building across the food
290 system via support of monitoring and communication, systems analysis, extensmoty Gaph
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291  industry and regional networks that develop social capital and share information, sigpporti

292  community partnerships in developing food and forage banks, enhancing investment in

293 irrigation infrastructue and efficient water use technologies, revising land tearsa@gements

294  (including attention to weltlefined property righ)sestablishment of accessible, efficiently

295 functioningmarkets foinputs and outputs (seed, fertiliser, labour, water, products, greenhouse
296 gasesmissions, etc.) and for financial services, including insurdimee was also

297 introduction of ideas relating to modes of operation such as policy ‘mainstreaming’ aryd poli
298 analysis methodologies such as the need for newiél assessmenimportantly, these policy

299 inclusions in AR5 were consistent with moving away from the previous *‘agricultural

300 production’ focus to a more ‘food systems’ focus but nevertheless did not substanbigilspr

301 the integrated treatment of climate addptatnd mitigation

302 6 |Future improvements in examining impacts and adaptation

303 6.1. |Assessing crop growth models skills to predict interactionsetween resource use

304 efficiencies

305 The main types of models used in IPCC impact assessments on crop pro@liagtitmthe

306 category of crop simulation models, that attempt to predict yields based olmfadic inputs

307 and are mostly sitbased; statistical relationships have also been used (Bbalgr2014). Such
308 models are only just being used to examine &al other effects on yield and its protein

309 concentratiorfAssenget al, 2019) even though this topic has been a persistent theme in the
310 ARs. Thus as suggestions, we wish to highltbetneed to analyse the interactions between
311 resource use efficien@¢o change the consisignof crop models and better understand

312 cropping systems response to climate change@s@ focused on modelling. &¢think this is

313  animportanttopicfor future assessment cdimate impacts, adaptation and mitigation withia th

314 landsector anggriculture and their position amdle in climate change
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327

328

329

Bennetzeret al (2016) showed via a historical deconstruction analysis, using a modified Kaya
identity analysigKaya and Yokoburi, 1997), thgteenhouse gasmissions from agriculture
havedecoupled from food production since 1970, and give grounds for optimism that
agriculture can make a substantial contribution to reducing global emissiovel as helping

to store carbon ifand A reduction of emissions per unit produatans thathe utilization
efficiency of the principle inputs into food production, namely water and fertilzes

increased. At the same tioeop simulation models have been used extensively to project the
impacts ofchanges in Cg) temperature, rainfednd other factors for global and regional
productivity of crops (e.g. Ruamt al, 2017).Resource tilisation efficiencies do not operate in
isolation; that is to say that there are iatgions between, for example, a crop’s utilisation
efficiency ofwater, nitrogen and photosynthetically active skeat«e radiation. How far these
interactions of resource utilisation efficiencies ia@rporated into crop moteis unclear and
needs testing, together with a critical need to design and make expetionestshe models.
Models should not get the ‘right’ answers for the ‘wrong’ reasons such as vellaaoo of

errors(Challinoret al, 2014; Martreet al, 2015).
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Figure 1. Decomposition of water use efficiency. b (dentity showing the relatiahip

between water (WUE) and radiation (RUE) use efficiencies and water, nigiaddight

utilization tradeoffs. In (b) four quadrants visual representation of the identity shown in (a). In
quadrants 1 and 2, the thick lines are the upper limits of RUE and WUE, respectively. In
guadrant 1, the plateau is the potential grain yield defined as the grain yietdrilize attained

by current cultivars grown in an environment to which it is adapted with wateemtstend

other abiotic and biotic factors controlled effectively (Evans and Fisher, 189f)adrants 3

and 4, the thick lines are critical N uptake, defined as the minimum N uptake foriaghie
maximum above ground biomass at the upper limits WUE and RUE, respectively.

To this end, we proposenaethodology based on mathematical identities (Pettal, 2013)
that decomposes water and nitrogen utilisation efficiencies and portraysitéeictions or
tradeoffs with water utilisation efficiency. The ideas stem originally from thekvad CT ce
Wit and his colleagues at Wageningen, NL and have been developed by othensa€leik,
2014; Sadras, 2016) but has seemingly not as yet penetrated crop modellingsas & i

climate change impacts (Ruagieal, 2017) . The identity for waterilisation efficiency
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(WUE) and its graphical portrayal (Figure 1) show a possible relationshiedetWUE and
radiation utilisation efficiency (RUE). Questions for that need responsex<fapmmodels
including ‘whatare the modelled upper limits for Rad WUE in ambient and changed
climate pathways and how do they compare with observations?’ and ‘In comparis@n wit
control treatment, how do the utilisation efficiencies change and inte@cf?’'models should
be able to populate such analyses andiwe an example (Figure 2) using tBgiusQuality
wheat model (Martret al, 2006;Martre and Dambrevill2018

http://www1.clermont.inra.fr/siriusquality/The simulations are of a foyear G, enrichment

experiment on spring wheat at Maricopa, USA (Kimkakl, 2017) in which the crops were
grown in ambient and elevated €f0or combinations oeither highor low levels of nitrogen

and of eithefull or reduced irrigation (see Figure 2 daptfor details).
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Figure 2. Effect of nitrogen supply, water supply, and atmospherig €&@centration on
resource use efficiency and traoliés illustrating the identity in Figure 1a. A Free air £0
enrichment experiment conducted over a four yearsge&vith a spring wheat cultivar at
Maricopa, AZ, USA (Kimbalkt al, 2017) was simulated with the wheat simulation model
SiriusQuality(Martreet al, 2006; Martre and Dambreville, 2018). In the first two years wheat
crops were grown with high (38.9 g N3nand low (7.6 g N m) nitrogen supply under ambient
(370 ppm; aC@ and elevated (550 ppm ; e@@tmospheric C&concentration. In the

following two years a fully irrigated (665 mm) and a water deficit (330 mmeatments were
factorized with the samsvo CO» treatments. In (a) and (b), black dashed lines are upper limits
of grain yield calculated with potential radiation use efficiency (2.93 g afpaowsnd DM MJ*
PAR; Sinclair and Muchow, 1999), harvest index (0.6; Foutkes., 2011), and water as
efficiency (2.2 g grain DM Mimm%; Sadras and Angus, 2008) wheat and orange dashed
lines are RUE and WUE isopleths calculated with measured data for the cmatiolent,
respectively. In (c) and (d), dashed lines are critical crop N uptakeedefsthe minimum N
uptake for achieving maximum above ground biomass calculated using the RUE and WUE
shown in (a) and (b) and the N dilution curve for wheat (Jestal 1994). The solid lines
between eC®and aCQ are drawn to improve the readingtbé figure.

The upper part of Figure 2 shows measured and simulated resource utilisatazhdion

(Figure 2a) and water (Figure 2b) when quantified as intercepted PAR or engpattion
against crop grain yield. The black dotted lines shows @@ ¢hical potential RUE and WUE
and the orange dashed line shows these utilisation efficiencies for thal t@atiment in
ambient CQ and with ample water and nitrogen supplies. Points above the orange lines mean
that utilisation efficiency is increasedlative to control andice versaPoints above the black
lines would be above thbeoreticakesource efficiencieand would therefore be suspicious.
Under ambient C& simulations agreed reasonably well with the field measurements but the
model underestimated RUE and WUE under water deficit. A highercGentration

increased both utilisation efficiencies. The model simulated well the effetd\aited C@on
RUE but it overestimated the effect of elevated GOWUE (+23% vs. +14%). Terms 3 and 4
in Figure la, which measure the tradts between N, radiation, and evapotranspiration, are
shown in the lower part of Figure 2. The dashed lines show critical N uptake (that is,

minimum crop N uptake for achieving maximum above ground bigncassideing the
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theoretical potential utilisation efficiencies (black lines) and those for theottre@tments
(orange lines). For the control and the water deficit treatraeap N was close to the critical N
uptake, especially under elevatedLCThe increase of crop N uptake under elevatedi€O
consistent with the reported higher crop N demand under elevate(RG@erset al, 2006).
Points for the low N treatment were significantly above the critical N eptakve, showing that
N uptake relative toadiation and water use was significantly reduceeah andsimulatd crop

growth.

Our conclusions from this very preliminary analysis using a strgiemodel are that models
should be examined for their ability to represent resource use efficiendiessambient and
elevated C@concentrations and, more importantly, how models portray the dféslbetween
resources. The upper part of Figure 2 can also be used to estimate resdiontatom if the
uppertimit of resource utilization efficiency cdre defined (Cossaet al, 2010). Theory
developed in ecology predicts that plant growth is maximized wheasallircesre equally
non-limiting (Sperfeld, 2016) and several experimental and modelling studies have Babwn t
cropyield is often celimited by water and NJossani and Sadras, 2018), and theory from
ecology have been introduced in agricultural science and can provide a theaatieaVdrk to
test model consistency and help understanding uncertainties when crop modséxarelAMs
studessuch as those used recently in the IPCC. The identity usedsareillustration of the
proposed approach can be easily modified to account for N utilization efficiedotlzer
identities can be worked out (including abiotic factors) to fit thediastudy. Such work
cannot be solely modélased but requires the analysis of existing experiments and where
necessary the making of new experiments to test our models. Such expesiaeats, partly
because experiments are often designed in the absence of clear theoreticaledadalytbis.
For example, even in the very comprehensive Maricopa FACE experiment usedhhere, a

emphasis on the interactions between water and N resource utilisatiomeifisizzould have
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resulted in parallel measuremefniNas well as water uptake, while only water uptake was

measured

6.2. | Impacts, adaptation and mitigationn integrated assessmergtudies

Our second point to improve future impacts and assessments analyses concemmsalotsy |
adaptation and mitigatiohave historically been assessed by different communities using
different methods. This history is reflected in the structure of the IPCQ@tsepath each of
these, especially mitigation, being treated separakéig.separatiornas also been reflected
many policy domains. Recent progress and trends have helped to breatkeésssilos.One
example of this is climatemart agricultureThis ideavas borndrom the need to integrate
climateadaptation and mitigatioarly progress iclimatesmart griculturecame through
intellectual and political leadership (Lippetral, 2014), with the evidence base supporting the
identification of specific climatsmart agriculturg@ractices coming later (e.g. Rosenzwetig

al., 2016).Similarly, introduction dcarbon taxescarbon prices or greenhouse gas footprint
labelling and similar programs necessitatesvaluation of risk and returns in all components of
food systems which could include addressingii@ications ofincreasingly frequent

disruptions fom climate extremes (Lim Camachbal 2017).

IAMs areoneway ofassessing thiategraton of adaptation and mitigation. Efforts to include
agriculture in IAMs is relatively new and a number of challengges] to be addresséewertet
al., 2015) Whilst crop models are generally responsive to climate, the range of cabgaithbe
simulated is not sufficiently broad for a full assessment of food secuuitthe¥, disparities
between IAMs and crop models in §pascale, treatment of uncertainty, data demand and
representation of agricultural management all limit the extent of crop model traagrdo
IAMs that is currently possible. Whilst significant progress is being mattietiese challenges

(Ruaneet d., 2017), it is likely that more than one approach is needed if we are to capture the
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range of tradeffs and synergies that are important to food sys{®&®esmeuleret al, 2013)
and relevant to policy design and development in the huge variety of contexts shgtabally.
One particularly important challenge, for any holistic approach to food syatehdimate
change, is to develop a framing for research that recognises that emissiorecoussithe full
range of activities that deliver food security, not only agricultural proolugivhitfield et al,
2018). Thus thediea of climatesmart food systems has emerged as way to take a more

comprehensive look at how climate, food and human activities are interrelated.

Progress irtlimatesmart food systems can be expected to come from a number of promising
avenues. IAMs have the potential to be an important tool for allowing a broader and more
complete view of agricultural impacts, adaptation and mitigdiidras argued earlier, can be
limited in their ability to include locallymportant factors. Risk assessment methods provide
another set of approaches (Challiebal, 2018a). Working with stakeholders and using
multiple methods to identify the timing of key risks is one approach that has been shown to
work within constrained systeng€hallinor et al, 2016) but is not without its costs and risks
(Cvitanovicet al 2019). The review of Challinat al (2018l found increasing transparency
and inter-comparability in risk assessments to be an important aspect tovotkir&Vhile

studies often address uncertainty, the nature of the treatment and the assumggogsg

that analysis are often uncledaraphrasing ESM3 from Wesseliekal (2015), we can list
some sources of this lack of clarity: the question of whether and how observationsdagen us
and if so whether measurement uncertainty been accounted for; which unceitamieke!

inputs (e.qg. initial conditions, boundary conditions, physical constants, driving variabtes)
model structure (e.g. inaccuracy in model equations, spatial and temporalziitorg have

been assessed?; have intrinsic andmeasurable stochastic variability (e.g. fundamental limits
to predictability resulting from chaotic processes) and uncertaisijtireg from explicit

variation of modeparameters (i.e. potential over under- estimation of uncertainty when
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producing a perturbepgarameter ensemble) been assessed? Uncertainty also arises from
insufficient ensemble size (i.e. potential under-estimation of uncertainty choe tapturinghe

full range of possible model responses) and the use (or not) of expert judgement.

Whitfield at al (2018) set out aagenda for climatemart food systems research, arguing that a
number of fundamental questions need to be answered, including: whigtate smartness and
how do we measure it?; what traoés emerge from climatemart practiced how do theory-
based climatsmart actions differ across spatial scgle@gich climatesmart actions are
feasibleand attractive; in which systems and at igh scales is climate smartness evident?; and
finally, how can diet choices contribute to the climate smartness of the fsiednsiyn the long

term?

Issues of spatial scale play a key role in agriculture and climate changghlaghted by

Whitfield et d. (2018)for climatesmart food systems, and by many authors for the narrow and
older field of cropelimate modellingHansen and Jones, 2000; van Bussel, 2011,

Challinoret al, 2015). Food systems cross international boundaries and recent work ha
highlighted how climate risks cross both sectors and international boundariesndzlealil
(2018b) and The Royal Society (2017) conclutted complex risk transmission mechanisms of
this sort cannot be assessed using existing impacts, adaptationtmation research alone.
Rather, a range of approaches are needed, including expert judgement, istecactario

building, global systems science, innovative use of climate and integra¢ésdrassit models,

and methods to understand societal respsto climate riskFigure 3. These are the types of
issues and approaches addressed by policy design and development groups in govednment a
industry and there is likely much to learn from them in relation to developingieéelimate

smart foodsystems: integratmpolicy, practice and research.
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Targeted use of models
(section 6)

» Working with stakeholders to identify the
timing of risks

Crop model

nproved risk * Thinking outside the gridbox . ¢

rmewarks and * Increasing transparency and inter- |mprovemen

takeholder c:an.1p.arahility il; risk as..c.essment.f.. . Imp?Cts and
) ' : - adaptation

ngagement
Modelling adaptation
loint assessment of
adaptation and
mitigation
(section 2.3)

New methods to assess New methods needed
broader range of adaptations to avoid adaptation
(section 5) ‘illusions’ (section 5)

Frameworks Crop-climate ensembles Crop models
* Frameworks for interconnected = Model, bias correction and * Good practice in crop
impacts and risks data choices modelling supports accurate

= Joint adaptation and mitigation = Skill- and spread- based risk quantification

frameworks selection of ensemble * Ongoing evaluation using
members observations

* Need for multiple perspectives
from experts and stakeholders * Scale-dependency of * Appropriate choice of model
ensemble member selection

Figure 3. The range of approaches that are needed, including expert judgement, interactive
scenario building, global systems science, innovative use of climatatagdated assessment
models, and methods to understand, project societal responses to climate risks.

7 | Conclusion

The IPCC ARs have evolved over 34 years since ARL. During this time, severasthave

become apparent, which we have tried to identify in this review. There has bethoma@é

modelling studies on the impacts, with and without adaptation, on a wide range of crops and in
many regions. Results from these more than 2100 studies show consistently bothrdee adve

effect of climate change on a basic element of food securityelydood production and the
significant potential value of adaptation in reducing these impacts. Ové&t@@dycles, an

increasing array of mitigation approaches has been treated by both top-down anelipottom
approaches and the range of adaptation options considered has both become more nuanced and
broader. These are positive evolutions in the synthesis and evaluation of ressascthéhrole

of the IPCC authors and reviewers. However, there are large remaaquisg articularly with
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respect to impacts, adaptation and mitigation in the livestock sector. The lack of quantitative
data on livestock in the five ARs was a shock for us as ‘historical’ reviewech wheds
addressing as does an increased attention to non-production aspects of focsl ¥ystaieo
suggest a couple of ‘closer to now’ issues on the interactions betweerceessel efficiencies

and the future role of IAMs that may become important in the context of climatgeha
assessment in the near term. In the longer term, future directions focheiseagriculture and
food will be to ask as much about efficiency and food demand issues as the past has been
concerned with adequacy of food supply and environmental outcomes. Thus, issues such as
human nutrition and health, diet and obesity, food waste, circular and local food systdas ¢
become dominant themes for food systems research and thereby the foci fdPf@tire

Assessment Reports.
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